Abstract
Introduction
In response to a range of stressful stimuli, including hyperthermia and ischemia, the mammalian brain demonstrates a rapid and intense induction of the heat shock w x protein, Hsp70 6,40,54 . The neuroprotective effects of Hsp70 have been demonstrated both in vitro and in vivo w x 2,30,60,66,67 and it is well-established that a conditioning thermal stress increases neuronal survival during subw x sequent insults 3,8,34,53 . Recently, the protective effects of prior heat shock have been extended to neural specific phenomena such as synaptic function. For example, in collaborative studies, we have demonstrated that mild heat treatment of Drosophila larvae facilitates synaptic transw x mission at high test temperatures 20 .
While Hsp70 is a major protein induced by cellular Ž . stress, it is not the only heat shock protein hsp which is Ž . up-regulated during activation of the heat shock stress response. A set of hsps is induced which includes the low molecular weight Hsp27 and also Hsp32, the stress-responw x sive form of heme oxygenase 12 . Studies have shown that overexpression of either Hsp27 or Hsp32 protects cells w x from subsequent stress 26, 27, 31, 41, 46, 59 . In the present investigation, we have therefore examined the expression patterns of Hsp27 and Hsp32 in the rat brain in response to hyperthermia and also determined whether these hsps localize to synaptic sites following stress. These studies have focused on the cerebellum since its laminar structure facilitates the identification of cell types and zones enriched in synaptic termini are clearly defined.
Materials and methods

Treatment of animals
Ž
. The body temperature of male Wistar rats 30-days-old Ž . was raised 3.58C above normal 388C using a dry air incubator set to 428C. Body temperature of the animals was monitored with a rectal thermistor probe and maintained at the elevated temperature for 1 h. Following incubation, the rats were placed at room temperature until time of sacrifice. At 30 days of age, the rats had achieved adult brain structure and synaptogenesis was essentially complete. 
Immunocytochemistry
Rats were anesthetized with sodium pentobarbital and perfused intracardially with 0.1 M phosphate-buffered Ž . saline PBS , pH 7.4, followed by 4% paraformaldehyde in PBS. Brain tissue was removed and fixed overnight in 4% paraformaldehyde at 48C. Tissue was then equilibrated with 20% sucrose in PBS, mounted in OCT embedding Ž . compound Miles , and frozen at y708C. Cryostat sections Ž . 20 mm were collected on gelatin-coated microscope slides and air-dried for 3 h. Following rehydration in PBS-T Ž buffer 0.1 M PBS, pH 7.4, 0.2% Triton X-100, 0.1% . BSA , tissue sections were blocked in 5% goat serum in PBS-T for 1 h. Sections were incubated overnight in Ž primary antibody diluted to 1:25,000 for Hsp27 Stress-. Ž Gen, SPA-801 , 1:7500 for Hsp32 gift from P.R. Ortiz de Montellano, Department of Pharmaceutical Chemistry, . University of California, San Francisco, CA , and 1:25,000 w x Ž for Hsp70 58 gift from R. Tanguay, Laboratory of Cellular and Developmental Genetics, Universite Laval, . Ste-Foy, Quebec in PBS-T. After washing, sections were incubated in biotinylated anti-rabbit IgG diluted in block-Ž . ing buffer 1:400 for 90 min. Brain sections were pro-Ž . cessed using the Vectastain Elite ABC kit Vector Labs and immunoreaction was visualized using 3,3
X -diamino-Ž . benzidine DAB . Sections were dehydrated in ethanol, cleared in xylene, and coverslipped for inspection and photography. Immunocytochemical results shown are representative of four separate animal trials. Omission of either the primary or secondary antibody resulted in clear sections with no disposition of reaction product.
Isolation of subcellular fractions
Animals were sacrificed by decapitation and brains were removed and separated into forebrain and cerebellum. Tissue was then rinsed with ice-cold saline to remove excess blood and subcellular fractions were prepared as follows: Tissue was subfractionated according to the w x Ž method of Gurd et al. 15 . Briefly, brains 14-18 rats per . preparation were homogenized in 0.32 M sucrose containing 1 mM MgCl and centrifuged twice for 5 min at 3200 2 Ž . rpm. The supernatant S1 was centrifuged at 13,000 rpm for 15 min resulting in S2 and P2. The S2 supernatant was spun at 12,000 rpm for 10 min. The resulting supernatant Ž . S2b was centrifuged at 45,000 rpm for 1 h and provided Ž . Ž . microsomal pellet and cell soluble supernatant fractions. The P2 pellet was homogenized in 0.05 mM CaCl .
2
After 20 min at 48C, the homogenate was incubated with succinate and INT for 30 min at 378C. Membrane fractions were separated on a discontinuous sucrose gradient by centrifugation at 26,000 rpm for 90 min and harvested as Ž . follows: light membranes LM at the 0.8r1.0 M sucrose Ž . interface and synaptic membranes SMs from the 1.0r1.2 Ž . M sucrose interface. Synaptic junctions SJs were isolated by the extraction of the SM fraction with Triton X-100 Ž . 0.5% vrv . Mitochondria were collected from the pellet of the sucrose gradient spin and washed in ice-cold acetone to remove INT.
Gel electrophoresis and Western blot analysis
Protein samples were separated by electrophoresis on 15% SDS polyacrylamide gels with a 5% stacking gel using a TrisrTricine buffer system. Following protein transfer, nitrocellulose blots were stained with Ponceau S to ensure equal protein loading. Blots were blocked for 5 h Ž in 5% Carnation milk powder in TBST 10 mM Tris, 0.25 . M NaCl, 0.05% Tween, pH 7.5 , then incubated 14-16 h with either Hsp27 or Hsp32 antibody diluted 1:10,000 in 1% purified BSA in TBST containing 0.02% sodium azide. After washing, blots were incubated for 2 h with anti-rab-Ž . bit IgG Sigma diluted 1:10,000 in 1% BSA in TBST. Immunoreactivity was visualized using ECL detection Ž . reagents Amersham, RPN 2106 . Subcellular fractions were collected from a minimum of three separate trials and Western blots shown are representative of repeat experiments on each set of fractions.
Immunoelectron microscopy
Rats were perfused as above using 3.5% glutaraldehyde in PBS. Brain tissue was removed, cut into 3 mm slabs and fixed for an additional 2 h at 48C. Tissue was then immersed in 0.1% sodium borohydride in PBS for 30 min. After extensive washes, 40 mm sections were cut using a vibratome. Cerebellar sections were equilibrated to 30% sucrose and quick-frozen in isopentane cooled to y708C to increase antibody penetration. Non-specific immunoreaction was blocked by incubating the tissue sections for 90 min with 10% goat serum in PBS. Primary antibodies were diluted in blocking buffer at 1:7500 for Hsp70, 1:7500 for Hsp25, and 1:3000 for Hsp32 and incubated with the tissue sections for 24-36 h at 48C. Sections were washed and immersed in biotinylated anti-rabbit IgG diluted 1:800 in blocking buffer for 2.5 h. Sections were processed using Ž . the Vectastain Elite ABC kit Vector Labs and visualized with DAB. After fixation in 1% OsO in PBS for 30 min 4 sections were dehydrated and embedded in Epon812 resin Ž . EM Sciences . Ultrathin sections were collected on uncoated copper grids and counterstained with uranyl acetate and lead citrate. Counterstaining was omitted on certain sections to verify localization of DAB reaction product. Grids were examined and photographed using a Siemens Elmiskop102. No reaction product was detected after omission of either the primary or secondary antibody. Electron micrographs are representative of a minimum of three animal trials for control and hyperthermic conditions.
Results
Expression of hsps in the rat cerebellum in response to hyperthermia
Immunocytochemistry was employed to examine the pattern of Hsp27 and Hsp32 expression in the rat cerebellum following hyperthermia. Constitutive expression of Ž these hsps was not detected in control animals Fig. 1A . and Fig. 2A ; however, a robust induction was apparent following thermal stress. At 5 h post-hyperthermia, Hsp27 induction was observed in the microvasculature system of Ž . the cerebellum Fig. 1B and by 15 h, a prominent signal Ž was apparent in the Purkinje cellular layer labeled 'p' in . Ž . Fig. 1C . Analysis at higher magnification Fig. 4A revealed that Hsp27 induction in this cerebellar layer was Ž . localized to Bergmann glial cell bodies bg while adjacent Ž . Purkinje neurons asterisks were immuno-negative. In addition, Hsp27 was also detected in the proximal zone of Ž . the glia fibers arrowheads , which radiate from the Bergmann glial cell bodies into the molecular layer. As seen in Fig. 1C , Hsp27 was also expressed by glial cells Ž . Ž . arrowheads in the molecular layer m , granule cell layer Ž .
Ž . g and the deep white matter dwm 15 h after hyperther-Ž . mia. By 24 h Fig. 1D , the Hsp27 signal spanned the entire width of the molecular layer due to staining of both the proximal and distal segments of the Bergmann glial radial fibers.
In response to hyperthermia, Hsp32, the stress-responsive form of heme oxygenase, showed a similar pattern of induction compared to Hsp27 in Bergmann glial cells and Ž . their radial fibers Figs. 2 and 4B . However, Hsp32 Ž induction in these cells was earlier in onset i.e., prominent . at 5 h post-hyperthermia and was not observed in the Ž . microvascular system Fig. 2B . In addition to the Purkinje Ž . cellular layer p , Hsp32 was also expressed in glial cells Ž . Ž . Ž. arrowheads in the molecular m and granule cell g Ž . Ž . layers as well as the deep white matter dwm Fig. 2B .
For comparative purposes, Hsp70 induction was also examined and a strikingly different pattern of expression was apparent relative to that noted for Hsp27 and Hsp32. An intense induction of Hsp70 was detected in the granule Ž . cell layer g of the cerebellum at 5, 15, and 24 h post-hy-Ž . Ž . perthermia Fig. 3 . At higher magnification Fig. 4 , it Ž . was apparent that granule neurons gn showed a robust induction of Hsp70 while Bergmann glial cell bodies and their radial fibers were immuno-negative. In addition, scat-Ž . Ž . tered glial cells arrowheads in the molecular layer m Ž . and deep white matter dwm showed an induction of Ž . Hsp70 Fig. 3B .
In summary, these results revealed pronounced differences in the pattern of expression of these hsps in the rat cerebellum following hyperthermia. Hsp70 induction was most pronounced in granule neurons. Hsp27 and Hsp32 were induced in Bergmann glial cell bodies, with a robust transport of these hsps into the radial glial fibers of these cells which project into the 'synapse-rich' molecular layer of the cerebellum. It is noteworthy that Hsp27 was induced in the cerebellar microvasculature at 5 h post-hyperthermia, however, Hsp32 and Hsp70 were not. The significance of this finding is not known.
Subcellular distribution of Hsp27 and Hsp32
Ž .
Western blots of total cerebellar homogenates CB confirmed the immunocytochemical observations that Hsp27 and Hsp32 were not detected in control animals and that a prominent induction was apparent after hyperthermia Ž . Fig. 5A and B, respectively . A similar pattern of induc-Ž . Ž . tion was observed in the forebrain FB Fig. 5A and B . Subcellular fractionation revealed that Hsp27 was enriched in the cell soluble fraction, while Hsp32 was prominent in the microsome fraction, as expected since heme oxygenase w x is known to integrate into microsomal membranes 68 . Ž . Synaptic membrane SM and synaptic junctions SJ were isolated and subject to Western blot analysis. These fractions, which have been fully characterized by biochemw x ical and electron microscope studies 9,14 , include both presynaptic and postsynaptic elements. As indicated in Fig.  6 , both Hsp27 and Hsp32 were detected in SMs and SJs isolated from the cerebellum and forebrain following hyperthermia. Extraction of the SM fraction with Triton X-100 removes much of the plasma membranes that surround the synaptic cleft and yields a purified SJ fraction w x 15 . At 5 h post-hyperthermia, Hsp27 and Hsp32 signals were stronger in the SJs than the SMs.
Visualization of stress-induced Hsp27 and Hsp32 at synaptic sites following hyperthermia
To further localize the cellular sites of deposition of the stress-induced Hsp27 and Hsp32, immunoelectron microscopy was carried out. Both induced hsps localized to postsynaptic sites in the molecular layer of the cerebellum Ž 15 h following hyperthermia indicated as 'Po' in Fig. 7B . and E . In agreement with light microscopy observations shown in Figs. 1 and 2, Hsp27 and Hsp32 signals were not Ž . detected in the unstressed animals Fig. 7A and D . Stress-induced Hsp27-and Hsp32-immunoreactivity were Ž . also localized to perisynaptic glial processes g , which Ž ensheath synapses in the molecular layer Fig. 7C and F, . respectively .
Discussion
It is well-established that the induction of hsps following stress contributes to cellular repair and protective w x mechanisms 25,47 and that a prior heat shock protects the w x nervous system from subsequent stress 6,40,54 . Our recent collaborative work has shown that heat shock protects synaptic transmission from subsequent stressful conditions w x 20 . Most studies in the nervous system have focused on Hsp70, however, the present work investigates other members of the set of stress-inducible hsps. In this report, we examine the expression patterns of Hsp27 and Hsp32 in the rat brain following whole body hyperthermia. Using subcellular fractionation and immunoelectron microscopy, our results demonstrate the localization of hyperthermia-induced Hsp27 and Hsp32 to synaptic sites in the rat brain, suggesting that these hsps may participate in the repair and protection of synaptic components.
Interestingly, our observations implicate glial cells as the primary source of the stress-induced Hsp27 and Hsp32, which associate with synaptic elements. Glial cells are w x involved in many aspects of neuronal physiology 24 , therefore, it seems likely that the induction of hsps by glia during stress benefits neurons. In cell culture studies, glia have been shown to protect neurons from severe stress w x 5,42,63 . In vivo, the loss of glial function, mediated by fluorocitrate poisoning, increases neuronal vulnerability to spreading depression and leads to massive neuron damage w x 29 .
Our present results indicate that Bergmann glial cells, which are specialized radial astrocytes that interact closely with the cerebellar Purkinje neurons, exhibit a pronounced induction of Hsp27 and Hsp32 following hyperthermia. Time course immunocytochemistry observations demonstrated the subsequent movement of Hsp27 and Hsp32 into the 'synapse-rich' molecular layer of the cerebellum via radial fibers which extend from these cells. The intimate association of these glial fibers with thousands of synapses w x 13,51 suggests that stress-induced Hsp27 and Hsp32 are in close proximity to synaptic structures. This was confirmed by immunoelectron microscopy observations, which demonstrated the localization of Hsp27 and Hsp32 to perisynaptic glial processes following hyperthermia. Perisynaptic glia are involved in many aspects of synaptic function including the uptake, synthesis, and release of w x excitatory amino acids, such as glutamate 4,24,52 . Damage to glial components which regulate neurotransmitter levels in the synaptic cleft during stress could lead to major changes in synaptic activity. During ischemia, the failure of glial uptake of extracellular glutamate conw x tributes to excitotoxic neuronal injury 7 . In rat models, severe hyperthermia induces seizure and in some cases, w x status epilepticus 19,44 . Localization of Hsp27 and Hsp32 to perisynaptic glial processes following hyperthermia could facilitate repair of stress-induced synaptic damage. The maintenance of perisynaptic glial function by Hsp27 and Hsp32 during stress could play a role in the protection of synaptic transmission by prior heat shock. It is of interest that other studies have noted an induction of Hsp27 or Hsp32 in glial elements following a range of w x stresses, such as ischemia 21,22,45 , cortical application w x w x of potassium chloride 49 , photothrombotic injury 48 , w x experimental subarachnoid hemorrhage 38,39 , and kainic w x acid-induced seizures 23,50 . Fig. 4 . Localization of Hsp27, Hsp32, and Hsp70 in layers of the cerebellum. Analysis of Hsp27, Hsp32, and Hsp70 immunocytochemistry was carried out at high magnification on the 15 h Ž . Ž . Ž post-hyperthermic rat cerebellar cortex. Hsp27-and Hsp32-immunoreactivity were detected in the Bergmann glial cell bodies bg and radial fibers arrowheads which extend from these cells Panels A and . Ž . Ž . Ž . B, respectively . Hsp70 was not detected in these glial cells Panel C but was prominent in granule neurons gn . All three hsps were observed in scattered glial cells in the molecular layer arrows . Purkinje Ž . Analysis of subcellular fractions demonstrated the accumulation of Hsp27 and Hsp32 in SM and SJ fractions following hyperthermia. The association of these hsps with the synapse after stress was confirmed by EM immunocytochemistry. Hsp27-and Hsp32-immunoreactivity were localized to postsynaptic terminals of the rat cerebellum 15 h following hyperthermic stress. Since few studies have explored how the heat shock response impacts on synaptic transmission, potential actions of Hsp27 and Hsp32 at the synapse during stress have not been considered. w x Hsp27 is known to regulate actin polymerization 28,43 and elevated levels of Hsp27 stabilize microfilaments durw x ing stress 31,32 . Furthermore, Hsp27 prevents protein aggregation during heat shock and facilitates the correct refolding of damaged proteins under permissive conditions w x 11,17,18 . Once localized to the synapse, Hsp27 could repair stress-induced damage to the synaptic proteins, including cytoskeletal components and could protect the synapse from subsequent insults. Actin is a major strucw x tural component of the postsynaptic density 1 . The localization of Hsp27 to postsynaptic terminals, which is noted in the present study, may contribute to the stabilization of PSD structures during stress.
The contribution of Hsp32 to the recovery of normal cellular activity following stress is likely to include the breakdown of damaged hemoproteins. Hsp32 metabolizes Ž . w x heme to Fe, carbon monoxide CO , and biliverdin 35 . Elevated levels of CO and biliverdin, which is rapidly converted to bilirubin, may modulate synaptic activity during stress. Bilirubin, a potent antioxidant has been shown to provide protection against oxidative damage w x 10,33 . CO has been characterized as a neural messenger, which regulates cGMP levels through the activation of w x guanylyl cyclase 36,62 and has been implicated in the w x regulation of synaptic glutamate release 56 . CO has Ž . similar physiological properties to nitric oxide NO , anw x w x other putative neuromessenger 57 . Maines et al. 37 , demonstrated that NO production in the brain is reduced by 50% following heat shock and suggested that CO, produced by Hsp32 induced metabolism of heme, may Ž . compensate for this loss. Nitric oxide synthase NOS is an intrinsic component of the PSD and NO stimulates Ca 2q rcalmodulin-dependent kinase phosphorylation of w x PSD proteins 65 . The possibility that CO plays a similar role during stress is supported by our observation of the Ž . localization of Hsp32 HO-1 to postsynaptic structures following hyperthermia.
In the present study, hyperthermia-induced expression of Hsp27 or Hsp32 was observed in Bergmann glial cells and their radial fibers which project into the 'synaptic-enriched' molecular layer of the cerebellum. The additional detection of Hsp27 and Hsp32 in synaptic structures by immunoelectron microscopy and subcellular fractionation raises the possibility of a stress-induced transfer of hsps from perisynaptic glial processes to the nerve terminal. Previous studies have demonstrated a heat-induced glial to axon transfer of hsps in the invertebrate nervous system w x 55,61 . A similar mechanism has been suggested in the w x mammalian nervous system 22,64 . In addition, cultured rat embryo cells can be stimulated to selectively secrete w x hsps 16 . Intraocular injection of purified Hsp70 shields photoreceptors from subsequent bright light induced dew x generation 60 , suggesting that these neurons are capable of taking up and benefiting from exogenous hsps. A glial to nerve terminal transfer of hsps would allow the nervous system to rapidly induce hsps following stressful stimuli and transport them to synaptic sites which are distant from the neuronal cell body.
In summary, the present report demonstrates the localization of stress-induced Hsp27 and Hsp32 to synaptic sites following hyperthermia where these hsps may contribute to synaptic repair and protective mechanisms.
